Comprehensive behavior of the low-latitude upper atmosphere during sudden stratospheric warming (SSW) events at varying levels of solar activity has been investigated. The equatorial electrojet (EEJ) strength and the total electron content (TEC) data from low latitudes over Indian longitudes during the mid-winter season in the years 2005 to 2013 are used in this study. Five major and three minor SSW events occurred in the observation duration, wherein the solar activity had varied from minimum (almost no sunspots) to mini-maximum (approximately 50 sunspots of the solar cycle 24). Spectral powers of the large-scale planetary wave (PW) features in the EEJ and the TEC have been found to be varying with solar activity and SSW strengths. Specially, the spectral powers of quasi-16-day wave variations during the three very strong SSW events in the years 2006, 2009, and 2013 were found to be very high in comparison with those of other years. For these major events, the amplitudes of the semi-diurnal tides and quasi-16-day waves were found to be highly correlated and were maximum around the peak of SSW, suggesting a strong interaction between the two waves. However, this correlation was poor and the quasi-16-day spectral power was low for the minor events. A strong coupling of atmospheres was noted during a relatively high solar activity epoch of 2013 SSW, which was, however, explained to be due to the occurrence of a strong SSW event. These results suggest that the vertical coupling of atmospheres is stronger during strong major SSW events and these events play an important role in enabling the coupling even during high solar activity.
Background
The low-latitude upper atmosphere of the Earth is coupled vertically to the lower atmospheric and horizontally to the high-latitude dynamical processes. While the neutral motions are affected via waves in the atmosphere and incoming solar radiation, the plasma motions are driven by the electrodynamical processes. Since both plasma and neutral species share the same space, their motions are coupled to each other in the upper atmosphere. Waves generated in the lower atmosphere propagate to the upper atmosphere under favorable background conditions (Shiokawa et al. 2009 ) and influence it by altering the conductivities of the E-region, which, in turn, modulate the F-region processes, especially, over the low and equatorial latitudes, where the magnetic field lines are nearly horizontal.
Direct propagation of large-scale planetary wave (PW) (periods in the range of 2 to 30 days) oscillations which are mainly generated in the troposphere into the upper atmosphere is highly improbable . However, it is believed that they can influence the upper atmosphere by modulating the shorter period gravity waves and tides (Lastovicka 2006) . The gravity waves and tides with greater horizontal wavelengths are allowed to propagate to the upper atmosphere under suitable conditions, thereby enabling communication of the largescale lower atmospheric waves into the upper atmosphere. During sudden stratospheric warming (SSW) events, the PW amplitudes get amplified and the stratospheric and mesospheric zonal winds are also altered drastically rendering the conditions conducive for the propagation of the small-scale waves which are already modulated by the PWs (Liu et al. 2010; Yiğit and Medvedev 2012) .
Even though the SSW is a northern hemispheric wintertime polar latitude phenomenon, the whole atmosphere of the Earth responds to these large-scale meteorological events (e.g., Fuller-Rowell et al. 2011) . It is believed that the SSWs are produced by the wintertime vertical propagation of the tropospheric quasi-stationary PWs into the stratosphere and their interaction with the zonal mean flow, resulting in the dissipation of the waves in the stratosphere (Matsuno 1971) . Due to this dissipation, energy and momentum are deposited in the stratosphere which modify the usual wintertime eastward zonal wind and enhance the stratospheric temperature. According to the World Meteorological Organization, if the stratospheric (at an altitude of 10-hPa pressure level) temperature at northern polar latitudes (poleward of 60°N) increases by more than 25 K within a week, then it is called an SSW event, and these temperature enhancements are considered as a good tracer of the planetary wave activity in the stratosphere. If in addition to the increase in temperature the usual wintertime eastward zonal mean zonal wind at 10 hPa and at 60°N reverses its direction, then the event is called major or else minor (Andrews et al. 1987) . During SSW events, the interaction between enhanced planetary waves and tides and the interaction between tides and modified middle atmosphere modulate the tidal components, which register their signature in the upper atmospheric parameters (Jin et al. 2012; Pedatella and Liu 2013; Guharay et al. 2014) . Also, nonlinear interaction between PWs and tides produces additional waves at the sum and the difference frequencies of the two original waves (Teitelbaum and Vial 1991) which fall mainly in the tidal domain.
By using datasets, such as the stratospheric wind, equatorial electrojet (EEJ) strength, total electron content (TEC), and multiwavelength dayglow intensities which originate from different altitudes of the atmosphere, it has been shown that the PW influence on the upper atmosphere is solar activity dependent (Laskar et al. 2013) . That study motivated the present investigations using lowlatitude datasets at varying levels of SSW strengths and of solar activity (minimum to maximum). Clear signatures of the interaction between enhanced PWs and tides during SSW and the resulting influence on the upper atmospheric EEJ strength and TEC values are presented to demonstrate the vertical coupling of atmospheres and its dependence on solar activity and planetary wave activity in the lower atmosphere.
Methods
To obtain information on the low-latitude coupled ionosphere-thermosphere system during SSW and at different levels of solar activity, the EEJ strength and TEC data are used in this study.
EEJ strength
The horizontal component of geomagnetic field (H) data is collected by magnetometers at an equatorial station, Tirunelveli (TIR) (8.7°N, 77.7°E; 0.1°N, magnetic latitude (MLAT)), and an off-equatorial station, Alibag (ABG) (18.6°N, 72.9°E; 10.3°N MLAT). The anomalies in H relative to its nighttime values at Alibag (ΔH ABG ) are subtracted from the corresponding values at Tirunelveli (ΔH TIR ), i.e., ΔH TIR − ΔH ABG , to obtain a measure on the EEJ strengths. The filled triangles in Figure 1 represent the locations from where magnetic measurements have been obtained.
TEC
The TEC data has been obtained from a southern hemispheric station, Diego Garcia (7.27°S, 72.4°E; 15.3°S MLAT), that is located approximately in the same longitude sector as that used for obtaining the EEJ strength. The filled circle in the map of Figure 1 represents the location of the Global Positioning System (GPS) receiver. The solid line in Figure 1 represents the geomagnetic equator (according to the IGRF-2010 magnetic field model), and the two dashed lines parallel to it are the ±15°l atitudes, which represent the approximate locations of the crest regions of the equatorial ionization anomaly (EIA). One may note that the Diego Garcia station falls approximately under the southern crest of the EIA. The receiver independent exchange (RINEX) format International GNSS Service (IGS) (Dow et al. 2009 ) data are processed using open-source GPS ToolKit (GPSTk) (Harris and Mach 2007; Laskar et al. 2013) . While calculating vertical TEC values, satellites with elevation angles greater than 50°are considered, which remove the dependence of TEC on ionospheric pierce point height and latitude, in addition to multipath effect in the low latitudes (Rama Rao et al. 2006; Bagiya et al. 2009 ).
High-latitude stratospheric temperature
The National Centers for Environmental Prediction (NCEP) and National Center for Atmospheric Research (NCAR) have cooperated in a project called reanalysis in which the temperature and wind are recovered from land surface, ship, rawinsonde, pilot balloon, aircraft, satellite, and other data (Kalnay et al. 1996) . Daily averaged data at a 2.5°× 2.5°grid for the whole globe and for 17 pressure levels from the Earth's surface up to 10 hPa for several atmospheric parameters are made available. In this study, the stratospheric temperature at 10 hPa (approximately 30 km) from 90°N is used to obtain the temperature anomaly. From the NCEP/NCAR zonal mean zonal wind, it can be seen that three minor and five major warming events occurred during the years 2005 to 2013 (excluding those in the year 2008, wherein both major and minor events occurred one following the other). The nature of the SSW event and averaged sunspot number (<SSN>) during the observation period of January-February months in all the years are presented in Table 1 . One can note that these events span solar activity levels with average SSN ranging from 0 to 51.
Analysis methodology
The EEJ strength and TEC data during the JanuaryFebruary months in the years 2005 to 2013 are used in this study. In order to investigate the interaction between local-time-dependent waves and large-scale PWtype waves during SSW events, the following approach has been adopted. For each day, data are binned in hourly intervals, and then the data of a particular bin of every day are arranged to make a time series of 60 data The plots are placed one below the other according to bins that are arranged by local time. Such analysis has the advantage that it reveals the local-time dependence, if any, of waves (such as solar tides of different periodicities and planetary-scale waves). One can note the presence of periods in 12 to 16 days, which are above the 90% significance level, in these periodograms. Also, there is a systematic pattern in the PW-type periodicities of 12 to 16 days in the TEC and the EEJ, which is seen to be prominent throughout the daytime hours. Such method of determination of the dominant periods at different hours in the time series as shown in Figure 2b for 2006 has been carried out for all the years (2005 to 2013) in Figure 1 The geo-locations of the stations are depicted in the regional map in Indian longitudes. It may be noted that the GPS station (circle) and the EEJ derivation stations (triangles) are nearly at the same longitude sector. The dashed curves represent the ±15°latitudes, i.e., the approximate positions of the crest regions of the equatorial ionization anomaly. ΔT SSW , stratospheric temperature anomaly at 90°N; T peak_SSW , peak stratospheric temperature during SSW at 90°N; U east , peak eastward zonal mean stratospheric wind at 60°N during SSW; SSW str., SSW strength; <SSN>, average SSN.
both the observed parameters, namely the EEJ and the TEC. The details of these periods and their dependence on SSW strength and solar activity level are described in the next section. As both major and minor events occurred in the year 2008 one after the other in quick succession, the events in this year have not been considered in the current analysis. Moreover, the TEC data also do not exist for this year.
Results and discussion
The low-latitude ionospheric dynamics is governed dominantly by the dynamo electric field of the E-region of the ionosphere. The off-equatorial E-region electric field (E) maps over to the magnetic equator at the lower F-region altitudes. Under the influence of this E field and the magnetic field (B) of the Earth, the F-region plasma over the magnetic equator moves upward due to E × B drift. This plasma then diffuses along the magnetic field lines and accumulates at around ±15°latitudes off the magnetic equator, building up regions of enhanced densities (crests) in plasma, and this phenomenon is known as the EIA (Raghavarao et al. 1988) . The strength and latitude coverage of the EIA crest depends on season and lower atmospheric forcings of tidal nature (Immel et al. 2006; Pallamraju et al. 2004 Pallamraju et al. , 2010 . Waves propagating from the lower atmosphere perturb the E-region dynamo electric field which is mapped to the F-region and thereby contribute to the redistribution of plasma. The amplitudes of these tidal waves are modulated at the lower atmosphere by the large-scale PWtype waves that are enhanced during SSW events. In addition to the shorter period dominant tidal waves, the normal-mode-type PW oscillations of 2, 5, 10, 16, and 25 days are generally observed in the upper atmosphere This type of binned daily values average out the gravity waves with periods less than 1 h. Moreover, they show periods that are dependent on local time (like solar tides). Also, as the larger scale planetary waves modulate these local-time dependent tidal waves, the periodogram spectral power is a direct measure of the interaction strength between tidal and planetary waves. Dashed lines in the right panel represent the 90% significance levels. Here, one can note a systematic variation of statistically significant periodicities with respect to local time for the wave periods between 11 and 20 days (i.e., the quasi-16-day periods are present here at all the local times).
(e.g., Salby 1984; Sassi et al. 2012; Laskar et al. 2013) . The EEJ strength which originates from around 105-km altitude region in the equatorial latitudes has been shown to be strongly modulated by lunar 14 to 15 day lunitidal period (Park et al. 2012) . Here, in this study, the presence of waves in the PW regime (2 to 30 days) can be seen in Figure 2 . The most dominant waves that have been observed in all these durations of observations are of the quasi-16-day type (11.2 to 20 days; Salby 1984) . In some local time bins, the presence of 5-to 6-, 9-to 10-, and 27-day periods is also observed to be above the 90% significance level. However, the dominant mode present here is of quasi-16-day-type PWs which originate mainly in the lower atmosphere and are very sensitive to the stratospheric and mesospheric mean zonal winds (Luo et al. 2000) . So, the large-scale waves and periodicities that appear in Figure 2 are believed to be associated with both variabilities of tides and PWs from the lower atmosphere. A similar analysis, as that carried out for EEJ in the year 2006 as shown in Figure 2 , has been carried out for all the years and in both the EEJ strength and the TEC data. For brevity, these periodograms have been converted into contour plots and all the periodograms at different local times have been normalized with their respective 90% significance level values and are shown in Figure 3 . The left (a) and right (b) panels show the periodogram contours for the EEJ strength and the TEC from Diego Garcia. Each column represents data for 8 years from 2005 to 2013, wherein the x-axis represents the periods in days and the y-axis is the local time. The color bar represents the relative spectral powers compared to the strongest power in the year 2009 -the year of strongest SSW event of the past decade. This is done in order to compare the inter-year variation in powers for a given periodicity. Here, all the periods greater than the relative power of approximately 0.6 (dark green) are above 90% significance level. From this figure, one can note that the relative powers of the periods in the quasi-16-day range are very prominent and are present in almost all the years presented here. The maxima of power at the quasi-16-day period range occur mostly at the same period range with respect to local time in the years 2006, 2007, and 2009 while for 2005, 2012 , and 2013, one can note that the periods with maxima in power shift from shorter to longer periods from morning to evening. It is also notable that the periodicities in the EEJ and the TEC are, to a large extent, similar which is due to the fact that the low-latitude E-region electric field acts as a dominant driver for the plasma processes that eventually affect the F-region processes. Other than the quasi-16-day periods, one can see periodicities at 2, 5, 8 to 9, and 25 days in Figure 3 . The 2-and 5-day waves are the normal mode oscillation of the lower atmosphere (Salby 1984) . In addition to the Dopplershifted 10-day normal mode oscillation origin, the 8-to 9-day waves have also been reported to be related with the quasi-periodic variations of solar wind high-speed streams and recurrent geomagnetic activity, especially for the year 2005 (Thayer et al. 2008 ). Thus, some of the wave activities seen in these upper atmospheric parameters are due to both solar and lower atmospheric origin.
The average spectral power of the variations within the quasi-16-day range (11.5 to 20 days) and 6 to 18 h local time in the contour plots shown in Figure 3 are produced in Figure 4 for both the EEJ strength and the TEC. The letters 'm' and 'M' just above the x-axis stand for 'minor' and 'major' SSW events, respectively, that occurred during those observation windows. The dashed line ('+' symbol) in Figure 4 shows the northern polar latitude (90°N) stratospheric temperature anomalies (ΔT) that occurred during the SSW events. The ΔT values are calculated by averaging the stratospheric temperature for a fairly stable duration prior to the occurrence of the SSW. In the absence of any index or parameter which represents the true strength of the SSW, this temperature anomaly is used as an indicator of the strength. It is expected that the ΔT values represent the stratospheric behavior in response to the SSW events. Strikingly, there are three maxima in both temperature anomaly and spectral powers of EEJ and TEC which occurred during the three strong major SSW years 2006, 2009, and 2013 . Also, during the three minor warmings in the years 2005, 2011, and 2012, the spectral powers are comparatively low. These observations suggest that the strength of the SSW decides the spectral power of quasi-16-day waves in the upper atmospheric parameters. The quasi-16-day-type variations in the EEJ and ionospheric parameters are widely shown to be enhanced during SSW events ). Notably, these three strong major events were the strongest of the major events in the last two decades. So, higher spectral power in these three major events implies that the stronger the SSW event, the stronger will be its effect on the low-latitude upper atmosphere. This happens because during major warmings the semi-diurnal tidal (both solar and lunar) and PW amplitudes are amplified and their combined action registers higher influence on the ionosphere (Stening et al. 1997; Pedatella and Liu 2013) .
It can be noticed from Figure 3 that there are statistically significant quasi-16-day periods in all the years in addition to those in the three strong major warming years mentioned above. In spite of the fact that the SSWs in 2005, 2011, and 2012 were minor in nature, they showed appreciable amplitudes in the quasi-16-day power. Notably, these three minor events occurred during low solar activity epoch. Laskar et al. (2013) used experimental observations to show that the coupling of lower and upper atmospheres is higher (lower) during low (high) solar activity. Such coupling in low solar activity is further enhanced when additional energy is available, such as that present during SSW events, which thus explains the appreciable amplitudes during these three minor events. Using numerical simulations, Pedatella and Liu (2013) showed that for the same level of SSW activity, the lower atmospheric influence on the upper atmosphere is greater during low solar activity period in comparison to that at high solar activity, wherein solar influences dominate. Further, in the present case, one can note that the major SSW event in 2013, which occurred in relatively higher solar activity (average SSN of 51), shows strong amplitudes in the quasi-16-day periods. In our earlier study (Laskar et al. 2013) , it was conjectured that even during high solar activity if there occurs a major SSW event, then it would provide additional energy which will significantly influence the upper atmosphere. In this work, the observation of the SSW event in 2013 is an experimental evidence to that conjecture. Support for this conjecture is also obtained from the published literature wherein the existence of perturbations in the ionosphere due to lower atmospheric forcings was reported during high solar activity in 2001 to 2004 and 2013, which actually occurred in simultaneity with major SSW events (e.g., Liu and Roble 2005; Fejer et al. 2010; Pedatella and Liu 2013; Goncharenko et al. 2013) . These earlier reports have to be viewed in light of our conjecture that if the lower atmospheric forcing is stronger, as it happens during strong SSW events, then they can affect the upper atmosphere even during high solar activity periods. The current study demonstrates these features and places things in perspective with larger and independent datasets during low, moderate, and high solar activity epochs. The present study also reveals the plausible conditions in which an SSW event shows a greater effect on the upper atmosphere based on various waves and background dynamics as discussed below.
As mentioned above, the enhanced PWs and middle atmospheric dynamics during SSW modulate the tidal waves (mainly semi-diurnal) which further influence the ionosphere through the electrodynamical processes. To study the behavior of these waves, the relative variation in amplitudes of quasi-16-day and semi-diurnal waves had been looked into. Figure 5 shows the amplitudes of the semidiurnal (SD; thin continuous lines), an estimate of the SD envelope (SD envelope ; thick continuous lines), and quasi-16-day (dashed) periodic variations in EEJ strength during the years of the current study. These amplitudes are obtained using the wavelet-based spectral analysis technique (Torrence and Compo 1998; Zaourar et al. 2013) . It is known from the wavelet theory that the amplitudes of the harmonic components, like tides and PWs, can be obtained from the absolute value of the wavelet transform of the time series with the Morlet function as mother wavelet. The Morlet mother wavelet is best suited for studies of sinusoidal-type geophysical waves. The details of wavelet-based spectral analysis can be found in Torrence and Compo (1998) . Both the semi-diurnal and quasi-16-day amplitudes appearing in Figure 5 are derived from the wavelet transform of the hourly values of the EEJ strength data. Interestingly, one may note from Figure 5 that the amplitudes of both semi-diurnal tides and quasi-16-day amplitudes are high and broadly vary in a similar fashion (as if semi-diurnal tides are modulated by the quasi-16-day waves) around the peak of SSW event, especially for the three strong major SSW events in 2006, 2009, and 2013. As semi-diurnal oscillations are of higher frequency than those of planetary-scale waves in order to enable quantification of the correlation between SD variations and quasi-16-day waves, an envelope of semi-diurnal amplitude, SD envelope , values are derived. These SD envelope values are obtained by a two-point smoothing of the curve joining the maxima of the 3-day (72 h) smoothed semi-diurnal amplitudes. One can note from Figure 5 that SD envelope fairly follows the SD maximum amplitudes. The crosscorrelation coefficients (R) between SD envelope and quasi-16-day amplitudes are also shown within the plots. One can note that for the three strong major SSW years 2006, 2009, and 2013 , the correlation coefficient values are 0.78, Figure 4 The mean normalized power of the quasi-16-day periodicities in EEJ strength and TEC. The power spectra as shown in Figure 3 are averaged between 11.5-and 20-day periods and for the whole day. The letters 'm' and 'M' represent 'minor' and 'major' SSW events, respectively, that occurred in the given year. The dashed curve shows the high-latitude stratospheric temperature anomaly (ΔT) on the peak of the SSW-related warming that represents the lower atmospheric behavior. One can note that the amplitudes have three peaks during the three strong major SSW events in the years 2006, 2009, and 2013 and three minima during the minor events in 2005, 2011, and 2012 . It can be noted that there is a clear and systematic correspondence between the quasi-16-day amplitudes and the polar stratospheric temperature anomaly. The average SSN values are also shown with its axis at the right. It may also be noted that the relatively higher solar activity year 2013 showed a strong coupling due to increased lower atmospheric activity during strong SSW event.
Figure 5 Amplitudes of SD, SD envelope , and Q16 (a-h). The amplitudes of the semi-diurnal (SD; thin continuous lines), semi-diurnal envelope (SD envelope ; thick continuous lines), and quasi-16-day (Q16; dashed) periods in the EEJ strengths are shown along with the correlation coefficient (R) between SD envelope and quasi-16-day wave amplitudes. One can note that there is a good correlation between these two parameters for the three strong major warming years 2006, 2009, and 2013 (R values are 0.78, 0.85, and 0.79, respectively) . This signifies that during the strong SSW events, the interaction between semi-diurnal and quasi-16-day waves is stronger. 0.85, and 0.79, respectively. For the less major and the minor events, the correlation coefficients are negative (except for 2007, which was a late winter SSW event), which may possibly be due to the interaction of tides with some other PWs or with middle atmospheric dynamics (Jin et al. 2012) . From these results, the plausible conclusion that can be arrived at is that during the three strong major SSW events in 2006, 2009, and 2013 , there were strong interactions between semi-diurnal tides and quasi-16-day waves. Further, recent modeling studies suggest that the middle atmospheric dynamics play a dominant role in coupling the lower atmosphere and upper atmosphere during SSW events (Jin et al. 2012; Pedatella and Liu 2013) . This study thus provides experimental evidence to the conjecture proposed earlier and revealed new aspects of interactions on the vertical coupling of atmospheres. These new aspects call for a detailed modeling and simulation studies, which are beyond the scope of the present communication, and will be carried out in the future.
Conclusions
Using two independently measured upper atmospheric parameters, namely the EEJ and the TEC, the vertical coupling of atmospheres during SSW events at varying levels of solar activity has been investigated. Individual 1. The spectral powers of the quasi-16-day wave oscillations in the EEJ and the TEC (over the crest of the EIA) are found to vary in a similar fashion to the high-latitude stratospheric temperature anomaly. The quasi-16-day spectral powers were found to be strong during the three strong major warming cases in 2006, 2009, and 2013 and weaker during the minor warming events in 2005, 2011, and 2012 , implying that the intenseness of the SSW event decides the strength of vertical coupling. 2. It is observed that for those major events for which the quasi-16-day amplitudes are high, the broad variations in the amplitudes of semi-diurnal tide and the quasi-16-day amplitudes are quite similar. To first order, this suggests that there occurs a strong interaction between semi-diurnal tides and quasi-16-day planetary waves for the strong major SSW events. This interaction has been found to be weaker for less major and minor events. 3. Even though the 2013 event occurred during relatively high solar activity epoch, the powers in the quasi-16-day period in both the EEJ and the TEC were significantly strong. This observation supports the Laskar et al. (2013) proposition that even during high solar activity if an SSW event occurs, then the upper atmosphere is influenced significantly by lower atmospheric forcings due to additional energy that becomes available for enabling the vertical coupling of atmospheres through the PWs and middle atmospheric dynamics.
To conclude, the vertical coupling of atmospheres in terms of the strength of spectral amplitude is found to be dependent on the strength of SSW, solar activity, and interaction between tides and planetary waves.
Abbreviations EEJ: equatorial electrojet; EIA: equatorial ionization anomaly; GPS: Global Positioning System; GNSS: Global Navigation Satellite System; IGRF: International Geomagnetic Reference Field; NCEP: National Centers for Environmental Prediction; PW: planetary wave; SD: semi-diurnal tides; SSN: sunspot number; SSW: sudden stratospheric warming; TEC: total electron content.
